Introduction: Chronic pain is an important yet overlooked non-motor symptom of Parkinson's disease (PD), caused by an imbalance of the dopaminergic and glutamatergic systems. Safinamide has a multimodal mechanism of action, dopaminergic (reversible MAO-B inhibition) and non-dopaminergic (modulation of the abnormal glutamate release), that might be beneficial for both motor and non-motor symptoms. Objectives: To investigate the long-term (2-year) efficacy of safinamide on PD chronic pain and to confirm the positive effects observed after 6 months of treatment. Methods: This is a post hoc analysis of the data from the 2-year study 018, focused on the reduction of concomitant pain treatments and on the scores of pain-related items of the
INTRODUCTION
Parkinson's disease (PD) is a progressive neurologic condition, characterized by the loss of the neurons in the substantia nigra, where the typical motor symptoms include bradykinesia (slowness of the movements), rigidity (stiffness), resting tremor and balance problems. The disease is also associated with some non-motor symptoms such as depression, cognitive deterioration, apathy and chronic pain. Even if pain is not a cardinal feature of PD, nevertheless it is an important complication that has a substantial negative impact on patients' quality of life. Several studies showed that pain may represent a significant comorbidity in up to 85% of PD patients and may precede and overshadow the motor symptoms of the disease [1] .
Despite its relevance, the pathophysiologic mechanisms underlying pain in PD are not fully understood. Abnormal nociceptive inputs may be the consequence of decreased basal ganglia dopaminergic neurotransmission: pain occurs more frequently in patients during their ''OFF'' periods, which correlates with low dopaminergic activity in the striatum. Furthermore, a neurodegeneration involving non-dopaminergic systems, such as gamma-aminobutyric acid and glutamate, which modulate pain processing in other regions of the brain, may also play a relevant role [2] .
No drugs are specifically indicated for PD pain, and about 50% of the patients do not receive any treatment because of the inefficacy of common analgesics [3] .
Safinamide has a multimodal mechanism of action completely different from those of any other PD treatments. Beyond the reversible monoamine oxidase-B (MAO-B) inhibition, safinamide is endowed with non-dopaminergic properties such as the modulation of the abnormal glutamate release through the sodium channels blockade (Fig. 1) . A first post hoc analysis of two 24-week pivotal trials showed positive effects on pain management [4] : the aim of this new post hoc analysis of the data from the 2-year study 018 was to investigate the long-term efficacy of safinamide on PD chronic pain and confirm the previous results.
METHODS
Trial 018 (NCT01286935) [5] was a multicenter, multinational, double-blind, placebo-controlled extension of the phase III, 24-week, pivotal study 016 [6] in mid-to late-stage fluctuating PD patients on a stable dose of levodopa (alone or with other PD drugs).
Patients were included in study 018 if they had completed trial 016, were treatment compliant and willing to continue, and were further treated with safinamide or placebo as add-on to their optimized standard therapy for up to 2 years. The doses of levodopa and additional PD therapies should remain stable, whenever possible, during the treatment period. However, the doses could be changed in case of motor symptom deterioration or occurrence of adverse events.
Treatments with tri-tetracyclics, MAO-B inhibitors, serotonin-norepinephrine reuptake inhibitors (SNRIs), opioids, neuroleptics, barbiturates and phenothiazines were not permitted. Selective serotonin reuptake inhibitors (SSRIs) were allowed at study entry at the lowest therapeutic dose and had to remain stable throughout the trial.
Both the protocol and patient materials were approved by Independent Ethics Committees and Health Authorities in all the participating countries. All procedures performed were in
Dopaminergic mechanism
Highly selecƟve and reversible MAO-B inhibiƟon Increase of dopamine levels in the striatum The primary endpoint was the change from baseline (study 016 start) to study end (week 102) in the total dyskinesia rating scale (DRS) score, and the main secondary endpoints were the change in the total daily ON and OFF time and in the quality of life. Even if the primary endpoint was not met, despite a substantial decrease in DRS scores with safinamide 100 mg/day compared with placebo (27% vs. 3%, respectively), safinamide significantly improved the daily ON time and significantly reduced the OFF time without increasing troublesome dyskinesia, maintaining its efficacy for up to 2 years. All the scales/questionnaires administered during the study were performed during the ''ON'' phase. The incidence of adverse events and serious adverse events was similar in the safinamide and placebo groups, and no significant abnormalities were detected in cardiovascular and laboratory examinations [5] .
Non-dopaminergic mechanism

Outcome Measures
This is a post hoc analysis of the data from study 018, evaluating the long-term effects of safinamide 100 mg/day oral tablets versus placebo on chronic pain in fluctuating PD patients.
The variables assessed were: • The proportion of patients not using concomitant pain treatments during the study period and the number of pain treatments used in each group. Pain treatments included analgesics, anti-inflammatory, anti-rheumatic drugs and topical products for joint and muscular pain.
• The changes from baseline to study end in the scores for the pain-related items 37-39 of the PDQ-39 ''Bodily discomfort'' domain. The PDQ-39 scale was administered during the ''ON'' phase.
Statistical Methods
The methods reported here are the same as those of the previous post hoc analysis of the data after 6 months' treatment [4] , but are also reported here for clarity. This report expands on the previous study by long-term data up to 2 years. The intention-to-treat (ITT) populations were used for all the analyses, while the last observation carried forward (LOCF) approach was applied to account for missing data at study termination.
The comparison of the percentage of patients not using concomitant pain drugs after 2 years of treatment was performed using conventional Pearson's chi square. The reduction in the number of pain treatments was estimated by means of a negative binomial regression model obtained with a generalized linear model parameterized with a logarithmic link function and negative binomial distribution and with ''treatment'' (safinamide 100 mg/day or placebo) and ''study indicator'' (study 018) as fixed effects. The analysis was performed using the GENMOD procedure of SAS software version 9.4.
The analyses of PDQ-39 domain ''Bodily discomfort'' and PDQ-39 individual items related to pain were performed using an ANCOVA model with changes from baseline scores as dependent variable, ''Treatment'' (safinamide 100 mg/day or placebo) and ''Study indicator'' (study 018) as fixed effects and with baseline values as covariate.
RESULTS
A previous post hoc analysis on the data after 6 months of treatment showed that the percentage of patients with no pain treatments was significantly higher in the safinamide group compared with the placebo group (76.1% vs. 70%), with a reduction of concomitant pain drugs of about 24% [4] .
These results were confirmed in the long term: after 2 years, the proportion of patients not using concomitant pain treatments was significantly greater in the group receiving safinamide than in the placebo group (respectively 61.1% vs. 50.9%, p = 0.0478) (Fig. 2) .
Safinamide, compared with placebo, significantly reduced the individual number of concomitant pain treatments on average by 26.2% compared with placebo [95% confidence interval (CI): 8.9%, 40.3%; p = 0.005].
The long-term treatment with safinamide was also associated with a statistically significant improvement compared with placebo in two of the three items of the PDQ-39 related to pain, confirming the benefits seen after 6 months: item 37 ''Had painful muscle cramps or spasm,'' least squares (LS) mean difference vs. placebo for the changes from baseline -0.23 (95% CI: -0.40, -0-06; p = 0.0074) after 2 years (-0.19, p = 0.0009 after 6 months); item 39 ''Felt unpleasantly hot or cold,'' LS mean difference vs. placebo for the changes from baseline -0.14 (95% CI: -0.33, -0.03; p = 0.0209) after 2 years (-0.15, p = 0.0060 after 6 months) (Fig. 3) . Item 38 (''Had aches and pains in your joints or body?'') was not improved in either the short or long term. The joint pain in PD patients is related to the lack of mobility and stiffness of limb movements and is generally treated with nonsteroidal anti-inflammatory drugs, analgesics or opioids in tandem with physical activity [7] . Safinamide is devoid of analgesic properties; therefore, this lack of efficacy is not unexpected.
The overall ''Bodily discomfort'' domain score was also significantly improved with safinamide compared with placebo: LS mean difference vs. placebo for the changes from baseline -3.66 (95% CI: -6.71, -0.60; p = 0.0190) after 2 years (-3.69, p = 0.0007 after 6 months).
DISCUSSION
The correlation between pain and PD was first described by James Parkinson as ''rheumatic pain extending from the arms to the fingers'' [8] .
Chronic pain is one the most important nonmotor symptoms of PD, present in the majority of the subjects, and occurs two to three times more frequently in PD patients than in the agematched healthy population [9] . It is classically classified into nociceptive pain (musculoskeletal, dystonic and visceral) and neuropathic pain (radicular-peripheral and central), and musculoskeletal and central neuropathic pains are the prevalent syndromes [10] . Chronic pain is associated with a worsening of the quality of life greater than motor symptom deterioration and affects patients' daily activities more than memory problems and depression, with a consequent considerable economic burden [11] . Chronic analgesic prescription is significantly higher in PD patients (33%) than in the general population (20%) and diabetic patients (26%) with an abuse of nonsteroidal anti-inflammatory drugs [12] .
The basal ganglia are involved not only in motor functions, but also in the processing of nociceptive inputs through two main dopaminergic pathways: the nigrostriatal pathway, which is directly involved in the deterioration of motor symptoms, and the mesolimbic pathway, which is related to the reward system and central modulation of pain. Therefore, there is a substantial overlap between the dopaminergic system and the brain regions implicated in pain processing, and perturbations in dopaminergic tonus in these areas could lead to motor and sensory abnormalities [13] . Moreover, a small fiber pathology occurs in the early stage of PD and may contribute to some non-motor symptoms including pain [14] . Pain in PD is often associated with motor fluctuations and wearing-off, and its intensity may also fluctuate during the day [15] .
Although the involvement of dopamine in the central modulation of pain is well established, other neurotransmitters, including glutamate, play an important role in pain signals, as suggested by the poor response of non-dystonic pain to levodopa [16] . Elevated glutamatergic neurotransmission is observed during neuropathic pain, and an imbalance between dopaminergic and non-dopaminergic systems might contribute to chronic pain in PD [17] . Moreover, deep brain stimulation targeted to the subthalamic nucleus was shown to reduce the glutamatergic overstimulation of the globus pallidus and improve the musculoskeletal and central neuropathic pain [18] .
The results of this post hoc analysis showed that the positive effects of safinamide on pain observed after 6 months were maintained over 2 years.
The add-on of safinamide 100 mg/day to a stable dose of levodopa (alone or in combination with other dopaminergic treatments) was associated with a reduction of the number of concomitant pain treatments of about 26% and a significant improvement in the PDQ-39 ''Bodily discomfort'' domain and in the two items related to musculoskeletal and neuropathic pain.
These results may be explained by both the dopaminergic and non-dopaminergic mechanism of action of safinamide. Safinamide, in fact, is not just another MAO-B inhibitor, but also modulates the glutamatergic hyperactivity through the state-dependent inhibition of sodium channels [19] .
The improvements in motor fluctuations due to the MAO-B inhibition could certainly contribute to the benefits observed. There is, in fact, a significant correlation between pain and motor complications (fluctuations and dyskinesia), and they may share the same pathophysiologic mechanisms; in particular, the nondopaminergic neurotransmitter systems (including glutamate) may contribute to both motor complications and chronic pain [15] .
It is also known that sodium channel blockers have great efficacy against neuropathic pain [20] , and drugs that modulate glutamate release, including NMDA antagonists, decrease nociceptive transmission [21] . Moreover, rotigotine, which is solely a dopamine receptor agonist, has been recently found to have no clinically significant effects on chronic pain in PD patients [22] .
Some limitations must be considered in this post hoc analysis: the original trials were not designed to investigate pain as a primary endpoint. For this reason, it was not possible to differentiate between the different types of pain, and some therapies commonly used in routine clinical practice for the treatment of pain were not allowed. These findings should therefore be considered as exploratory and must be confirmed in larger clinical trials.
CONCLUSION
Chronic pain is one of the most frequent and bothersome non-motor symptoms in PD, present since the early stages of the disease in a large proportion of patients [23] .
There is growing evidence of the involvement of the basal ganglia in somatosensory and pain modulation, and motor complications and pain may share common pathophysiologic mechanisms that include not only dopaminergic but also non-dopaminergic systems dysfunction, such as glutamatergic hyperactivity. Therefore, glutamatergic neurotransmission is considered a potential focus for pharmacotherapy in PD, and drugs that modulate glutamate release may be a promising option for the treatment of PD chronic pain [24] .
Despite some limitations, the results of these analyses suggest that safinamide 100 mg/day may have positive effects on chronic pain, maintained in the long term, which might be explained by the improvement of motor fluctuations due to MAO-B inhibition and by the modulation of glutamatergic hyperactivity. Further investigation with a large-scale confirmatory study is needed to fully evaluate the efficacy of safinamide on PD chronic pain.
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